Increased transcriptional activity of ␤-catenin resulting from Wnt/Wingless-dependent or -independent signaling has been detected in many types of human cancer, but the underlying mechanism of Wnt-independent regulation is poorly understood. We have demonstrated that AKT, which is activated downstream from epidermal growth factor receptor signaling, phosphorylates ␤-catenin at Ser 552 in vitro and in vivo. AKTmediated phosphorylation of ␤-catenin causes its disassociation from cell-cell contacts and accumulation in both the cytosol and the nucleus and enhances its interaction with 14-3-3 via a binding motif containing Ser 552 . Phosphorylation of ␤-catenin by AKT increases its transcriptional activity and promotes tumor cell invasion, indicating that AKT-dependent regulation of ␤-catenin plays a critical role in tumor invasion and development.
␤-Catenin, originally identified as a component of cell-cell adhesion structures, interacts with the cytoplasmic domain of E-cadherin and links E-cadherin to ␣-catenin, which in turn mediates anchorage of the E-cadherin complex to the cortical actin cytoskeleton (1) (2) (3) . Genetic and embryologic studies have revealed that ␤-catenin is also a component of the Wnt signaling pathway and that it exhibits signaling functions (4) . In the absence of a Wnt/Wingless signal, cytoplasmic ␤-catenin interacts with axin/conductin, glycogen synthase kinase-3␤ (GSK-3␤), 3 and the adenomatous polyposis coli (APC) protein, which competes with E-cadherin for binding to the armadillo-like repeats of ␤-catenin (5) . ␤-Catenin is phosphorylated in its N-terminal domain by GSK-3␤, which leads to its degradation via the ubiquitin/proteasome pathway mediated by SKP1/CUL1/F-box E3 ligase (6 -11) . Activation of the Wnt/ Wingless pathway inhibits GSK-3␤-dependent phosphorylation of ␤-catenin. Stabilized, hypophosphorylated ␤-catenin translocates to the nucleus, where it interacts with transcription factors of the TCF/LEF-1 family, leading to the increased expression of genes, such as MYC and CCND1 (12) (13) (14) . Hepatocyte growth factor and epidermal growth factor (EGF) induce ␤-catenin signaling under conditions where they stimulate cell motility (15, 16) . Gain of function mutations in ␤-catenin, including N-terminal mutations that lead to stabilization of the protein or loss of function mutations in proteins that participate in the regulated turnover of ␤-catenin, such as the tumor suppressor APC, result in up-regulation of ␤-catenin protein levels, thus increasing its transcriptional activity. Increased ␤-catenin-TCF/LEF-1 transactivation by enhanced ␤-catenin stability, resulting from mutations in APC, AXIN1, or CTNNB1 (which encodes ␤-catenin), is found in a wide variety of human cancers, including colon cancer, desmoid tumor, gastric cancer, hepatocarcinoma, medulloblastoma, melanoma, ovarian cancer, pancreatic cancer, and prostate cancer (17) (18) (19) .
Mutations of Wnt pathway proteins that alter the stability of ␤-catenin are not the only factor that contributes to ␤-catenin activation. For instance, in 12 of 20 (60.0%) endometrial cancers, ␤-catenin was found to accumulate in the nucleus, which is a hallmark of ␤-catenin activation, whereas there were only two instances of mutations in the CTNNB1 gene (20) . Similarly, only 1 of 65 primary melanomas had detectable CTNNB1 mutations, with a third of the cases displaying nuclear accumulation of ␤-catenin (21) . Moreover, nearly 50% of hepatocellular carcinomas, in which the APC gene is rarely mutated, reveal nuclear accumulation of ␤-catenin protein, and genetic alterations in CTNNB1 are detected only in 16 -26% of the tumors (22) (23) (24) (25) . Clearly, more than one mechanism regulates the activity of ␤-catenin (26) . In response to EGF stimulation, ␤-catenin translocates into the nucleus and increases its transactivation without altering its stability and phosphorylation level by GSK-3␤ (16) . Granulocyte-macrophage progenitors as candidate leukemic stem cells in blast-crisis chronic myelogenous leukemia have high nuclear ␤-catenin accumulation presumably, driven by Bcr-Abl (27) . In this report, we demonstrate that AKT phosphorylates ␤-catenin at Ser 552 , which leads to its disassociation from cell-cell contacts, increases its binding to 14-3-3 and its transcriptional activity and enhances invasion by tumor cells.
EXPERIMENTAL PROCEDURES
Cells and Cell Culture Conditions-A431 human epidermoid carcinoma cells, CHO AA8 cells, and 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum (HyClone, Logan, UT). Cell cultures were made quiescent by growing them to confluence and then replacing the medium with fresh medium containing 0.5% serum for 1 day.
Materials-Rabbit monoclonal antibody recognizing phosphorylated RRX(S/T) peptide was obtained from Cell Signaling Technology (Danvers, MA). Polyclonal antibody for 14-3-3 and monoclonal antibodies for ␤-catenin (E-5) and HA were acquired from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal phospho-␤-catenin (Ser 33 /Ser 37 )-specific antibody, mouse monoclonal antibodies for FLAG and tubulin, and EGF were purchased from Sigma, along with Hygromycin, AKT inhibitor IV, active His-tagged AKT1 (purified from insect cells), and protein kinase A (purified from bovine heart) from EMD Biosciences. Active GST-AKT2 (purified from insect cells) was obtained from Biomol International (Plymouth Meeting, PA), Hoechst 33342, fluorescein isothiocyanate-conjugated anti-mouse antibody and Texas Red-conjugated antirabbit antibody were from Molecular Probes (Eugene, OR), and HyFect transfection reagents was from Denville Scientific (Metuchen, NJ). GelCode Blue Stain Reagent was obtained from Pierce.
Transfection-Cells were plated at a density of 4 ϫ 10 5 /60-mm-diameter dish 18 h prior to transfection. Transfection was performed using either calcium phosphate or HyFect reagents (Deveville Scientific) according to the vendor's instructions. Transfected cultures were selected with hygromycin (200 g/ml) for 10 -14 days at 37°C. At that time, antibiotic-resistant colonies were picked, pooled, and expanded for further analysis under selective conditions.
Immunoprecipitation and Immunoblotting Analysis-Extraction of proteins with a modified buffer from cultured cells was followed by immunoprecipitation and immunoblotting with corresponding antibodies, as described previously (28) .
DNA Constructs and Mutagenesis-A PCR-amplified human ␤-catenin cDNA was cloned either into pColdI vector (TaKaRa, Shiga, Japan) between BamHI and HindIII or into pcDNA3.1/ hygro(ϩ)-FLAG vector between BamHI and NotI. pColdI-␤-catenin S552A or S675A and pcDNA3.1-FLAG-␤-catenin S552A, S552D, or S675A were made using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). pcDNA3.1 HA-AKT1 DD, HA-AKT2 DD, and HA-AKT1 AAA have been described previously (29) .
Purification of Recombinant Proteins-The wild-type (WT) and mutants of His-␤-catenin protein were expressed in bacteria and purified, as described previously (30) .
In Vitro Invasion Assay-Cell invasion was assessed by the invasion of the cells through Matrigel-coated Transwell inserts. Briefly, Transwell inserts with a 12-m pore size were coated with 100 l of a final concentration of 0.78 mg/ml Matrigel in cold serum-free medium. Cells were trypsinized, and cell suspension (500 l; 1 ϫ 10 6 cells/ml) was added in triplicate wells. After a 24-h incubation, cells that invaded the Matrigel and passed through the filter were stained with crystal violet and photographed using a digital camera mounted onto a microscope with ϫ50 magnification. The membranes were dissolved in 4% deoxycholic acid and read colorimetrically at 590 nm.
In Vitro Kinase Assays-The kinase reactions were done by mixing purified His-␤-catenin with or without purified active AKT or PKA in kinase assay buffer containing 10 Ci of [␥-
32 P]ATP, 10 mM Tris-HCl (pH 7.4), 5 mM MnCl 2 , 1 mM dithiothreitol, and 20 M ATP for 20 min at 30°C. Reactions were stopped by adding an equal volume of 2ϫ SDS-PAGE sample buffer and boiling for 5 min. Samples were then separated by 6% SDS-PAGE and transferred onto nitrocellulose membranes for exposing to x-ray film.
Luciferase Reporter Gene Assay-To measure the transcriptional activity of TCF/LEF-1, CHO cells were seeded in 24-well plates at 1.5 ϫ 10 4 cells/well. Twenty-four h after seeding, TCF/ LEF-1 reporter (pTOP-FLASH) or control vector (pFOP-FLASH) were transiently transfected with 0.2 g of WT or mutants of ␤-catenin together with or without 0.2 g of AKT1 DD, 0.2 g of 14-3-3, or 0.2 g of pEGFR. Twelve h after transfection, the medium was replaced with 0.1% serum for another 12-24 h, and EGF (100 ng/ml) was added 6 h before harvesting. Ten l out of the 100-l cell extract were used for measuring luciferase activity.
Immunofluorescence Analysis-Cells were fixed and incubated with primary antibodies, Alexa Fluor dye-conjugated secondary antibodies, and Hoechst 33342, according to standard protocols. Cells were examined using a deconvolutional microscope (Zeiss, Thornwood, NY) with a 63-Å oil immersion objective. Axio Vision software from Zeiss was used to deconvolute Z-series images.
Mass Spectrometry Analysis-The GelCode Blue-stained gel band was digested in-gel with 200 ng of modified trypsin (sequencing grade, Promega) at 37°C for 24 h. Resulting peptides were analyzed by Nano-liquid chromatography-coupled ion trap mass spectrometry with on-line desalting on a system consisting of a Famos autosampler, an Ultimate Nano-LC module, and a Switchos pre-column switching device (Dionex Corp., Sunnyvale CA) on a 75-m ϫ 150-mm C-18 column (Dionex Corp.). Electrospray ion trap mass spectrometry was performed on an LTQ linear ion-trap mass spectrometer (Thermo, San Jose, CA). A portion of the digest was desalted (C18-ZipTip, Millipore, MA) and analyzed by matrix-assisted laser desorption/ionization-time of flight(Voyager DE-STR, Applied Biosystems, Framingham, MA). Proteins were identified by data base search of the fragment spectra against the National Center for Biotechnology Information (NCBI) nonredundant protein data base using Mascot (Matrix Science, London, UK) and Sequest (Thermo, San Jose, CA).
Isolation of Nuclei, Cytosol, and Membrane-Nuclei, cytosol, and membrane of cells were isolated using the nuclear extract kit from Active Motif North America (Carlsbad, CA) and the ProteoExtract subcellular proteome extraction kit from Calbiochem.
Pulse-Chase Analysis-293T cells transfected with FLAGtagged WT or mutants of ␤-catenin for 2 days were incubated in the absence of methionine for 20 min, pulse-labeled for 1 h with 250 Ci/ml [ 35 S] methionine, washed twice, and incubated in medium containing excess unlabeled methionine for 0, 24, 36, or 48 h. Proteins were immunoprecipitated with anti-FLAG antibodies. Samples were then separated on 6% SDS-PAGE and transferred to nitrocellulose membranes for exposure to x-ray film.
RESULTS

AKT Phosphorylates ␤-Catenin at Ser
552 in Vitro and in Vivo-We previously showed that EGF stimulation results in translocation of ␤-catenin into the nucleus and increased transcriptional activity without altering its stability and phosphorylation level by GSK-3␤ (16) . To examine whether the increased transcriptional activity of ␤-catenin is due to a possible unknown posttranslational modification, we analyzed a tryptic digest of ␤-catenin immunoprecipitated from EGFstimulated A431 cells with mass spectrometry. One candidate phosphopeptide spanning amino acids 550 -565 was detected by matrix-assisted laser desorption/ionization-time of flight mass spectrometry. Ser 552 was then identified as a phosphorylation site in this ␤-catenin peptide by liquid chromatographycoupled ion trap mass spectrometry (LC-MS/MS) (Fig. 1A) (the presence of Arg at the N terminus of the peptide is due to the known inefficient tryptic digestion of the RX bond in RXpS). The 547 TQRRTS 552 sequence of ␤-catenin is closely related to the AKT phosphorylation motif RXRXX(S/T) (31) and the PKA phosphorylation consensus sequence (R/K) 2 X(S/T) (32) . Furthermore, this sequence was also recognized as an AKT or PKA-putative phosphorylation site by using the motif-based profile-scanning ScanSite program. To identify the kinasephosphorylating ␤-catenin at Ser 552 , we performed in vitro kinase assays with purified active AKT1, AKT2, or PKA mixed with purified WT His-␤-catenin, His-␤-catenin S552A, or His-␤-catenin S675A, in which the known PKA phosphorylation residue was mutated to Ala (33, 34) . As expected, and consistent with previous publications (33, 34) , PKA phosphorylated ␤-catenin, and this phosphorylation was largely abrogated by mutation at Ser 675 but not at Ser 552 (Fig. 1B) . In contrast, both active AKT1 and active AKT2 were able to phosphorylate ␤-catenin, and incubation with AKT inhibitor IV (35) antibody showed that active AKT1 induces phosphorylation of WT ␤-catenin and ␤-catenin S675A but not the ␤-catenin S552A mutant (Fig. 1C) . Similarly, constitutively active AKT2 DD (T309D/S474D) was capable of inducing phosphorylation of WT ␤-catenin but not the ␤-catenin S552A mutant. These results indicate that ␤-catenin was phosphorylated by AKT at Ser 552 but not Ser 675 in vivo. EGF treatment activates AKT (36) . To test the effect of EGF stimulation on ␤-catenin phosphorylation, A431 cells were treated with EGF for 30 min. As shown in Fig. 1D , EGF induced phosphorylation of endogenous ␤-catenin at Ser 552 , which was blocked by pretreatment with AKT inhibitor IV. This is consistent with ␤-catenin phosphorylation at Ser 552 in response to EGF treatment, as detected by mass spectrometry.
␤-Catenin Phosphorylated by AKT Disassociates from Cell Contacts and Translocates into the Cytosol and Nucleus-␤-Catenin localized in different cellular compartments forms distinct complexes and executes differential cellular functions. To examine whether ␤-catenin phosphorylation by AKT affects its subcellular distribution, a constitutively active AKT1 DD or an AKT1 AAA (K179A/T308A/S473A) kinase-dead mutant was transfected into A431 cells. Expression of AKT1 DD, but not AKT1 AAA, resulted in translocation of a portion of ␤-catenin from cell-cell contacts into the cytosol and nucleus ( Fig. 2A) . Similar data were also observed following expression of AKT2 DD and AKT2 AAA (data not shown). Furthermore, a phosphorylation-mimic ␤-catenin S552D mutant, in which Ser was mutated into Asp, showed significantly increased cytosolic and nuclear localization in contrast to WT or S552A mutant of ␤-catenin that was primarily localized in cell-cell contacts (Fig.  2B) . Consistently, immunoblotting experiments detected an increase in cytosolic and nuclear ␤-catenin S552D mutant in contrast to its WT, whereas the nuclear accumulation of ␤-catenin S552A mutant was reduced (Fig. 2C) . Moreover, the amount of the nuclear protein lamin B remained unchanged (Fig. 2C) , and we did not detect any E-cadherin in the nuclear fractions, indicating that the nuclear preparations were free of cytosolic contaminants (data not shown). Correlating with the differential redistribution of ␤-catenin S552D and S552A mutants in the cytosol and nuclei, reduced membrane-bound ␤-catenin S552D and increased membrane-bound ␤-catenin S552A were detected in contrast to WT ␤-catenin (Fig. 2C) . To test whether the differential distribution of the WT and mutants of ␤-catenin affected their phosphorylation by GSK-3␤, which leads to proteasomal degradation of ␤-catenin, immunoprecipitated FLAG-tagged WT ␤-catenin, ␤-catenin S552A, and ␤-catenin S552D were immunoblotted with phospho-␤-catenin (S33/S37) antibody. As shown in Fig. 2D , ␤-catenin S552A and ␤-catenin S552D have comparable phosphorylation by GSK-3␤ to WT ␤-catenin. Furthermore, pulsechase analyses revealed that transiently expressed FLAGtagged ␤-catenin S552A and ␤-catenin S552D had a comparable half-life to WT ␤-catenin (quantified by scanning densitometry) (Fig. 2E) . These data indicate that ␤-catenin phosphorylation by AKT leads to its disassociation from cellcell contacts without altering its phosphorylation by GSK-3␤.
␤-Catenin Phosphorylated by AKT Increases Its Association with 14-3-3-14-3-3 proteins function as key regulators of signal
transduction by binding to specific phospho-Ser/Thr-containing sequence motifs within a wide range of target proteins (37) . It has been shown that 14-3-3 is a ␤-catenin-associated protein and can facilitate ␤-catenin transactivation by AKT (38). 14-3-3 binding motif RX 1-2 pS/pTX [2] [3] , in which a Ser or a Thr at position Ϫ1 and/or Ϫ2 with respect to phosphoserine is found in many 14-3-3-binding proteins (39) , and (R/K)(X)XXp(S/T)XP (37) is closely To examine the effect of ␤-catenin phosphorylated by AKT on its association with 14-3-3, FLAG-tagged WT ␤-catenin was co-transfected with and without a kinase-dead AKT1 AAA mutant or AKT1 DD into 293T cells. Immunoblotting of immunoprecipitated 14-3-3 with anti-FLAG antibody showed that expression of constitutively active AKT1, in contrast to its kinase-dead mutant, significantly increased the interaction between 14-3-3 and ␤-catenin (Fig. 3A) . Consistent with the activity of AKT in facilitating this association, the ␤-catenin S552A mutant, in contrast to WT ␤-catenin, was reduced in its binding to 14-3-3, whereas the phosphorylation-mimic ␤-catenin S552D mutant bound more 14-3-3 (Fig. 3B) . These data indicate that phosphorylation of ␤-catenin at Ser 552 by AKT increases the association between ␤-catenin and 14-3-3. sion-Nuclearly localized ␤-catenin interacts with transcription factors of the TCF/LEF-1 family, leading to the increased expression of downstream genes. ␤-Catenin phosphorylated by AKT translocated into the nucleus. To test the effect of ␤-catenin phosphorylation by AKT on TCF/LEF-1 transcriptional activity, the TCF/LEF-1 luciferase reporter TOP-FLASH or a control vector FOP-FLASH was co-transfected with and without constitutively active AKT1 DD with WT ␤-catenin or ␤-catenin S552A mutant. Expression of active AKT1 increased TCF/LEF-1 transcriptional activity (Fig. 4A) . In contrast to WT ␤-catenin, ␤-catenin S552A had reduced transcriptional activity, either in the absence or in the presence of active AKT1. Furthermore, expression of ␤-catenin S552A reduced the 14-3-3-enhancing effect of active AKT1 DD (Fig. 4B) or EGF-induced TCF/LEF-1 transcriptional activity (Fig. 4C) . Consistent with the increased nuclear localization, expression of phosphorylation-mimic mutant ␤-catenin S552D significantly increased TCF/LEF-1 transcriptional activity, in contrast to WT ␤-catenin (Fig. 4D) . ␤-Catenin transcriptional activity has been closely related to tumor development. To examine the effect of phosphorylation of ␤-catenin by AKT on tumor cell invasion, A431 cells were stably transfected with WT ␤-catenin, ␤-catenin S552A, or ␤-catenin S552D, and a Matrigel invasion assay was carried out. Although expression of ␤-catenin S552A moderately reduced cell invasion, in contrast to cell expression of WT ␤-catenin, expression of ␤-catenin S552D significantly enhanced tumor cell invasion (Fig. 4, E and F) . These results indicate that ␤-catenin phosphorylation by AKT promotes tumor cell invasion.
Phosphorylation of ␤-Catenin by AKT Increases Transcriptional Activity of ␤-Catenin and Enhances Tumor Cell Inva-
DISCUSSION
␤-Catenin, functioning as a major component of both Wnt signaling and cell-cell adhesion, plays a central role in cell proliferation, differentiation, polarity, morphogenesis, and development (40 -42) . ␤-Catenin deficiency arrests mouse embryo development at gastrulation (43) . ␤-Catenin localized in different cellular compartments forms distant complexes that carry out differential cellular functions. We show here that ␤-catenin distribution can be dynamically regulated, and phosphorylation of ␤-catenin by AKT results in the relocalization of some ␤-catenin from cell-cell contracts and increase in its transcriptional activity.
Activating mutations of Wnt components lead to nuclear localization of ␤-catenin and are involved in tumor formation and development (44) . Wnt-independent signaling, nevertheless, is also involved in regulation of ␤-catenin transactivation and tumorigenesis (26) . ␤-Catenin-TCF/LEF-1 signaling can be activated by growth factors, such as EGF, hepatocyte growth factor/scatter factor, insulin-like growth factor-I, insulin-like growth factor-II, and insulin (15, 16, 45, 46) . In response to insulin stimulation, phosphatidylinositol 3-kinase-activated AKT phosphorylates GSK-3␤ at Ser 9 , which leads to inactivation of GSK-3␤ and augmentation of ␤-catenin-TCF/LEF-1 transcriptional activity (47, 48) . In addition to this indirect regulation, our results show that AKT phosphorylates ␤-catenin both in vitro and in vivo. The mutation of Ser 552 of ␤-catenin into Ala or Asp did not change its phosphorylation level by GSK-3␤ or its half-life, in contrast to WT, indicating that phosphorylation of ␤-catenin at Ser 552 by AKT does not alter ␤-catenin protein stability. Instead, phosphorylation at this site enables some ␤-catenin to disassociate from cell-cell contacts and accumulate in the nucleus. Mutation of the AKT phosphorylation site reduced total transcriptional activity of TCF/LEF-1 induced by AKT (Fig. 4A ) about 57%. This partial effect of AKT on TCF/LEF-1 transcriptional activity is likely because AKT can still indirectly enhance up-regulation of ␤-catenin transcriptional activity by phosphorylation and inhibition of GSK-3␤. Thus, AKT can activate ␤-catenin-TCF/LEF-1 transcriptional activity both by indirect stabilization of ␤-catenin through inhibition of GSK-3␤ and by direct phosphorylation of ␤-catenin, which enhances ␤-catenin nuclear accumulation.
In addition to sequential phosphorylation of ␤-catenin at its N terminus by CK1 and GSK-3␤ (44, 49 -51) , ␤-catenin can be phosphorylated by CK2 at Thr 393 (52) and PKA at Ser 675 (33, 34) , which enhance ␤-catenin transactivation by stabilizing ␤-catenin protein. Paradoxically, it was reported that CK2-dependent phosphorylation of the ubiquitin carrier protein (E2) ubiquitin conjugating enzyme UBC3B induces the interaction between UBC3B and ␤-transducing repeat-containing protein and enhances ␤-catenin degradation (53) . PKA-phosphorylated ␤-catenin at Ser 675 promotes the association with its coactivator, cAMP-response element-binding protein, thus enhancing ␤-catenin-TCF/LEF-1 transcriptional activity, although different effects of this phosphorylation on ␤-catenin stability were observed (33, 34) . Ser 552 was shown to be a weak phosphorylation site of PKA (33) . However, we did not detect measurable reduction of phosphorylation levels of the ␤-catenin S552A mutant by PKA when compared with WT. In contrast, chemical inhibition of AKT and mutation of Ser 552 of ␤-catenin, but not PKA phosphorylation site Ser 675 , abolished phosphorylation by both AKT1 and AKT2 and detection by anti-phospho-RRX(S/T) antibody, although this antibody may also recognize other Ϫ3 position Arg-bearing phospho-S/T peptides, such as the substrate motif for PKA and PKC. Active AKT phosphorylates proteins containing the consensus sequence RXRXX(S/T) (31). However, several reports indicate that AKT is also able to phosphorylate Ser or Thr when present in the consensus sequence RXX(S/T) (54, 55) or other nonconsensus sequences (56) . We demonstrated that AKT phosphorylates Ser 552 in the 549 RRTS 552 sequence of ␤-catenin, providing additional evidence showing that RXX(S/T) can be a phosphorylation sequence by AKT.
As a family of conserved regulatory proteins that mainly bind to a plethora of functionally diverse signaling molecules that are phosphorylated at the Ser/Thr residues (39), 14-3-3 can regulate the subcellular distribution of its associated proteins. This is exemplified by the nuclear import of Chk2-phosphorylated the MDM2 homolog MDMX promoted by 14-3-3 (57). 14-3-3, in association with ␤-catenin, can facilitate transactivation of ␤-catenin by AKT (38) . 549 RRTSMG 554 of ␤-catenin is a binding motif for 14-3-3. ␤-Catenin S552A weakens its binding to 14-3-3 and has a reduced transcriptional activity, whereas ␤-catenin S552D enhances this binding and increases its transactivation, in contrast to WT ␤-catenin. Furthermore, S552D ␤-catenin has accumulated nuclear localization, which supports that 14-3-3 may mediate dynamic nucleus-cytosol transportation of its binding proteins (58) . It has been shown that AKT1 and AKT2 have distinct roles in tumor cell growth and migration, whereas AKT1 and AKT2 can have either positive or negative roles, depending on the cell types and experimental setting (59 -64) . Our results show that activated forms of AKT1 and AKT2 are able to phosphorylate ␤-catenin in vitro and in vivo. Furthermore, expression of constitutively activated AKT1 or AKT2 results in the relocalization of ␤-catenin from cell-cell contacts and subsequent transactivation. Thus, it seems that AKT1 and AKT2 can affect the same substrate for regulation of its functions.
S552D ␤-catenin mutant has a higher transcriptional activity than WT or S552A ␤-catenin, which correlates with their differential levels of nuclear accumulation. Furthermore, A431 cells stably expressing S552D ␤-catenin mutant showed much enhanced invasion in contrast to the cells stably expressing either WT or Ser 552 ␤-catenin. Transactivation of ␤-catenin increases the transcription of genes that promote tumor cell growth, such as MYC (12) , CCND1 (which encodes cyclin D) (13, 14) , and JUN (68) , and genes that promote tumor cell invasion, such as MMP7 (69, 70) , and TWIST1 (71) . Further investigation is needed to determine whether phosphorylation of ␤-catenin at Ser 552 induces a specific set of downstream genes that promote tumor development.
EGFR overexpression or mutation has been found in many types of cancers, with activation of AKT by EGFR or other growth factor receptors, Ras, and regulation of phosphatidylinositol 3-kinase and phosphatase and tensin homolog (PTEN) contributing to tumor development (65, 66, 72) . EGF-induced phosphorylation and transactivation of ␤-catenin are dependent on the activity of AKT. We have previously shown that EGFR activation results in Wnt-independent ␤-catenin transactivation by down-regulation of caveolin-1, whereas overexpression of caveolin-1 suppresses the effect of EGFR on ␤-catenin (16) . Down-regulation and internalization of caveolin-1 by EGF will release inhibited signaling molecules normally sequestered in caveolae, such as growth factor receptors, Ha-Ras, and phosphatidylinositol 3-kinase (16, 67) , which may in turn contrib-ute to AKT activation. Activated AKT can stabilize ␤-catenin through inhibition of GSK-3␤ and/or directly phosphorylate ␤-catenin, resulting in its disassociation from cell-cell contacts and nuclear accumulation. The combined effects enhance ␤-catenin-TCF/LEF-1 transcriptional activity, which in turn contributes to tumor cell invasion and tumor development.
